The way in which energy is used in cells is determined under the influence of environmental factors such as nutritional availability. Metabolic adaptation is mainly achieved through the modulation of metabolic gene expression, and may also involve epigenetic mechanisms that enable long-term regulation. Recent studies have identified that nutrients and their metabolites exert an important influence on the epigenome, as they serve as substrates and/or coenzymes for epigenetic-modifying enzymes. Some epigenetic factors have been shown to regulate metabolic genes leading to a shift in energy flow. These findings suggest the concept of metabolism-epigenome crosstalk that may contribute to the formation of a long-term metabolic phenotype. This is particularly relevant to the pathogenesis of obesity and associated metabolic disorders, in which pre-and post-natal nutritional conditions affect disease risks in adulthood. Moreover, most cancer cells exploit metabolic pathways for their hyperproliferative activity, while metabolic misregulation leads to aberrant epigenetic regulation in some cancers. This review explores the possible mechanisms of metabolism-epigenome crosstalk that may facilitate our understanding of physiology and diseases.
INTRODUCTION
To survive nutritionally threatening conditions, organisms have evolved strategies to exploit limited energy sources for their biological activities. Such strategies are determined at a cellular level, as each cell type harbors differences in energy demands and access to energy sources and oxygen. 1 Thus, cells can sense their own energetic status and environment, enabling them to remodel their methods of energy utilization. It is now well accepted that differences in metabolic gene expression largely account for adaptive metabolic changes. 2 Recent progress in epigenetics research has suggested the concept that nutrients and their metabolites influence the activities of epigenetic factors, as they often function as coenzymes or substrates for chromatin modifications. 3 A plausible biological meaning of this is that nutritional availability affects the epigenomic landscape, which assists the cells in adapting to their environment. Such metabolismepigenome crosstalk may support the formation of a long-term energy strategy.
The failure to maintain appropriate energy strategies leads to the development of diseases, such as obesity-associated metabolic disorders and cancer. 4, 5 Nutritional availability in prenatal and early life affects the metabolic disease risks, indicating that long-term epigenetic alterations may be involved in the development of metabolic diseases. 6 Indeed, the impact of caloric excess, deficiencies and imbalances on the epigenome of metabolic organs including skeletal muscle, liver and adipose tissue has been demonstrated in many animal models and some human subjects. 7 Although the underlying mechanisms are yet to be revealed, metabolismepigenome crosstalk is likely to have a central role in connecting dietary habit to disease susceptibility. Cancer cells exhibit extraordinary metabolic flow as they vigorously consume glucose to support rapid cell growth. 5 Such metabolism is referred to as the Warburg effect or aerobic glycolysis, meaning a glycolytic-biased metabolism not based on oxygen availability. As epigenetic dysregulation is one of the prominent hallmarks of cancer, 8 it is plausible that cancer metabolism could be regulated through epigenetic mechanisms. Conversely, altered metabolic flow has been shown to drive epigenetic misregulation in cancer cells. 9, 10 In this review, we will discuss recent progress in understanding how diet and cellular metabolism affects the epigenome, and how epigenetic factors regulate energy metabolism. By focusing on observations in mammalian systems, we will consider the nutritional aspects of lifestyle-associated diseases. small nucleus. Minimum structural unit of chromatin is a nucleosome, in which the DNA is wound around a structural core that is constituted of four types of histone proteins, H2A, H2B, H3 and H4. The basic components of epigenetic gene regulation are DNA methylation and histone post-translational modifications, including methylation and acetylation. Combinations of these epigenetic marks primarily reflect the active (accessible) and repressive (inaccessible) chromatin structure according to the 'histone code hypothesis' . 11 In particular, modifications at lysine residues of histone H3 and H4 are often linked to the gene regulation. 12 An active chromatin structure is typically decorated with histone acetylation and histone H3 lysine 4 (H3K4) methylation, while repressive marks include hypo-acetylated histones, methylated histone H3 lysine 9 and lysine 27 (H3K9 and H3K27, respectively), H4 lysine 20 (H4K20) and methylated cytosine in DNA (Figure 1 ). Because of their enzymatic nature, epigenetic factors responsible for the writing and erasing of these marks require substrates and coenzymes that are produced in cells from nutrients; therefore, important epigenetic marks should theoretically be influenced by the cellular metabolic state (Figure 1) .
DNA or histone methylations require S-adenosyl-methionine as a methyl group donor, which is synthesized from diet-derived methionine through the one-carbon cycle. This process also involves folate, choline, betaine and vitamin B12, and the dietary intake of these nutrients affects S-adenosyl-methionine production. 13 Early studies on the agouti viable yellow (A vy ) allele in mice established the concept of how diet affects S-adenosyl-methionine production and subsequent DNA methylation events (reviewed by Bernal and Jirtle 14 ). The A vy allele contains an insertion of a retrotransposon, intracisternal A-particle, in the upstream of the agouti locus encoding agouti signaling protein. The expression of this gene is highly dependent on the DNA methylation status of intracisternal A-particle: when highly methylated, the use of wild-type promoter enables a low level and a hair cycle-specific expression, while lower methylation level activates a cryptic promoter, which results in a high and disordered expression.
The expression of this locus is directly associated with the coat color of mice: wild-type expression results in dark color (pseudoagouti), while the expression from cryptic promoter leads to yellow. Thus, the coat color, at least in part, reflects the epigenotype in these mice. In normal conditions, A vy mice exhibit varying levels of DNA methylation at A vy locus, with the coincident variation of the coat color. However, when pregnant mice are fed with a methyl donorsupplemented diet, the frequency of offsprings with darker coat color increases significantly. 15 These studies on A vy mice provided important insights that the nutrition, the epigenotype and the phenotype are interconnected.
To date, 12 histone demethylases have been identified in mammals, all of which are categorized into either amine oxidase or jumonjicontaining dioxygenase families. 16 Lysine-specific demethylases (LSD) 1 and 2 comprise the amine oxidase family, which require flavin adenosine dinucleotide as a coenzyme. 17, 18 Flavin adenosine dinucleotide (FAD) is mainly produced in the mitochondria from dietary riboflavin, 19 and is converted into its reduced form, FADH 2 , through metabolic processes such as fatty acid oxidation and succinate dehydrogenation in the tricarboxylic acid cycle, suggesting that cellular metabolic flow affects the activities of LSD1 and 2. Jumonji-containing dioxygenases are also potentially sensitive to metabolic conditions as they require a-ketoglutarate (a-KG), a tricarboxylic acid cycle intermediate, and oxygen. 20 Furthermore, hydroxylation of methylated DNA is thought to be a transition step for DNA demethylation, and the responsible enzymes, ten-eleven translocation (TET)-1, -2 and -3, are also a-KGdependent dioxygenases. 21 Identification of the sirtuin family of proteins as nicotinamide adenine dinucleotide (NAD) þ -dependent histone deacetylases (HDACs) led to the notion that histone acetylation status could be affected by cellular metabolism. 22 Acetyl coenzyme A (Acetyl-CoA), produced from glucose or fatty acids, is required as an acetyl group donor for histone acetylation. Wellen et al. 23 found that ATP citrate lyase, an enzyme that converts citrate into acetyl-CoA, was abundantly present in the nucleus. Glucose deprivation reduced the size of the acetyl-CoA pool in an ATP citrate lyase-dependent manner, with decreased histone acetylation and transcription of a subset of genes.
EPIGENETIC MODIFICATIONS ASSOCIATED WITH METABOLIC DISORDERS
Obesity and consequent insulin resistance represent typical examples of a cellular failed energy strategy. It is well documented that nutrientand hormone-driven transcription regulators greatly contribute to the disrupted metabolic gene expression under caloric excess. 2 In particular, the downregulation of mitochondrial respiration genes in obese and diabetic subjects is linked to the mitochondrial dysfunction that leads to compromised systemic energy homeostasis. [24] [25] [26] Since the early prediction by Hales and Barker, 27 undernutrition during the prenatal and childhood periods have been associated with the risks of type II diabetes mellitus and cardiovascular diseases. 27, 28 This evidence suggests the existence of an underlying epigenetic mechanism that explains the long-term influence of nutritional intake on mitochondrial dysfunction in metabolic syndrome. The reduction of fatty acid b-oxidation is one of the important features of mitochondrial dysfunction in the skeletal muscle, which is closely associated with the insulin resistance in metabolic diseases. 29 A report by Barres et al. 30 showed increased DNA methylation on the promoter of the peroxisome proliferator-activated receptorgamma coactivator (PGC)-1a gene in the skeletal muscle of type II diabetes mellitus patients, in which the expression of this gene was downregulated. As PGC-1a is an integrative transcriptional regulator of oxidative metabolism including fatty acid oxidation and mitochondrial biogenesis, 31 DNA methylation-dependent repression of this gene might explain the mechanism of mitochondrial dysfunction. The paper also demonstrated that this methylation pattern could be reproduced in vitro by exposing myocytes to freefatty acids, and that the methylation was dependent on DNMT3B (DNA (cytosine-5-)-methyltransferase 3 beta). Another report analyzed PGC-1a promoter methylation in young healthy men with low-and normal-birth-weights. 32 The skeletal muscle of low birth weight individuals harbored higher methylation frequencies than normal birth weight individuals, and was more susceptible to insulin resistance after short-term overfeeding. This implies that the perinatal metabolic condition is responsible for the epigenetic changes that lead to an increased sensitivity to caloric excess later in life. Liver is another important source of oxidative metabolism, which contributes to the systemic metabolic homeostasis. Calorie overload leads to the accumulation of hepatic lipids, resulting in the development of nonalcoholic fatty liver disease including nonalcoholic steatohepatitis, which is associated with mitochondrial dysfunction. 33 The decreased mitochondrial DNA content in nonalcoholic fatty liver disease patients was coincident with increased PGC-1a promoter methylation, suggesting that an epigenetic event might be involved in mitochondrial dysfunction in the liver. 34 In addition, PGC-1a is a crucial regulator of gluconeogenesis in the liver, indicating that hepatic glucose production might also be regulated epigenetically. It should be noted that while studies on human subjects highlight the important contribution of DNA methylation, animal experiments have revealed the impact of diet on histone methylation and acetylation, many of which are indicative of metabolic outcomes (reviewed in detail by Jimenez-Chillaron et al. 7 ).
Neurodegenerative disorders, such as Parkinson's and Alzheimer's diseases are also under the influence of dietary lifestyle, and are associated with mitochondrial dysfunction with reduced respiratory gene expression. [35] [36] [37] Thus, epigenetic disruption of these genes may represent a common feature of lifestyle-associated diseases.
POSSIBLE EPIGENETIC MECHANISMS OF DIET-ASSOCIATED METABOLIC DISEASES
Although experimental and clinical evidence strongly suggest the occurrence of epigenomic aberration in metabolic syndrome, the underlying mechanisms of how epigenetic factors are recruited to and dissociated from the metabolic genes are poorly understood. Nevertheless, some in vitro and animal studies predict the possible pathways that link specific epigenetic factors to metabolic dysfunctions.
Excess lipid accumulation in the adipose tissues under calorie overload triggers metabolic dysfunction in many organs, leading to the development of type II diabetes mellitus and cardiovascular diseases. Thus, the balance between energy storage and expenditure in the adipocytes must be tightly regulated in order to maintain systemic energy homeostasis. There are two distinct categories of adipose tissues in mammalian body. 38 White adipose tissues are primarily responsible for the storage of excess energy in the form of triglycerides, whereas brown adipose tissue consumes a large amount of glucose and fatty acids for thermogenesis under cold exposure. A pioneering work presented a possible epigenetic mechanism of the adipose tissue homeostasis by demonstrating that the histone acetyltransferase, CREB-binding protein, was involved in the differentiation and the fat accumulation of white adipocytes. 39 Later studies have identified the regulation of DNA/histone methylation in relation to the energy metabolism in adipocytes and some other cell types. For example, a paper by Tateishi et al. 40 demonstrated that mutant mice lacking Jhdm2a, a jumonji-type histone H3K9 demethylase, developed obesity and hyperlipidemia when fed a normal diet. These mice exhibited impaired thermogenesis in response to adrenergic stimuli in brown adipose tissue, which may partially explain the cause of the metabolic imbalance. Mechanistically, the uncoupling protein-1 (Ucp-1) gene, a critical regulator of thermogenesis in brown adipose tissue, was downregulated with increased H3K9 methylation and with reduced occupancy of a transcription factor, peroxisome proliferator-activated receptor-a, on the promoter. JHDM2A has also been shown to regulate glucose-and lipid-handling genes in white adipose tissue in mice. 41 Thus, this demethylase may be an integrative regulator of energy balance in adipose cells.
Kamei et al. 42 reported the increased expression of Dnmt3a, a DNA methyltransferase, in white adipose tissue in mice with diet-induced obesity. Moreover, the adipose-specific transgenic expression of Dnmt3a in the mice enhanced the expression of inflammationassociated genes such as monocyte chemotactic protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a) in obese adipose tissue, suggesting its relevance to chronic inflammation in obesity. A different report revealed the contribution of de novo DNA methylation to metabolic transition during lactation and weaning periods. 43 The rate of hepatic lipogenesis is low when feeding on a mother's milk enriched with lipids, and it rises after weaning. In the neonatal mouse liver, DNMT3B methylates the promoter of the glycerol-3-phosphate acyltransferase 1 (Gpat1) gene, inhibiting the binding of a key transcription factor, SREBP-1c. After weaning, the Gpat1 promoter becomes unmethylated and is susceptible to SREBP-1c-mediated transcription. It is of great interest to see how differences in dietary composition affect the expression and activity of DNMTs and consequent DNA methylation patterns. A report by Brasacchio et al. 44 showed that the glucose-dependent induction of NF-kB/p65 gene expression coincided with Set7-dependent histone H3 lysine 4 methylation, and was counteracted by LSD1. The expression of NF-kB/p65 in vascular endothelial cells was increased by exposure to high levels of glucose, and persisted for up to 6 days. 44, 45 These observations may help us understand how metabolic memory can be established and maintained.
We recently found that LSD1 suppresses energy expenditure in white adipocytes (Figure 2) . 46 The inhibition of LSD1 function by either RNA interference or selective inhibitor drugs resulted in the activation of mitochondrial respiration, as assessed by the oxygen consumption rate and the inner membrane potential. This metabolic remodeling was accompanied with the increased expression of energy expenditure-associated genes, including PGC-1a, pyruvate dehydrogenase kinase (PDK4) and adipose triglyceride lipase (ATGL), and the enrichment of methylated histone H3 lysine 4 on their promoters. Interestingly, the gene repressive function of LSD1 was emphasized when excess lipid accumulation was induced by insulin stimulation in vitro and by high-fat feeding in vivo. Moreover, LSD1 exerted its gene regulatory function depending on intracellular flavin adenosine dinucleotide production. Thus, LSD1 contributes to the metabolic epigenome, which facilitates energy storage in white adipocytes, depending on the caloric environment and intracellular metabolic condition.
Although epigenetic factors potentially affect chromatin structure in a genome-wide manner, these observations suggest that the modulation of a single epigenetic factor can impact cellular metabolic flow and systemic energy homeostasis. They also suggest that the function of epigenetic factors as metabolic regulators depends on the cell type, the environmental condition (for example, nutrition) and co-operating transcription factors.
EPIGENETIC REGULATION OF CANCER METABOLISM
Cancer cells rely on the glycolytic pathway for their energy production regardless of the availability of oxygen. 5 Such metabolic remodeling enables the efficient production of biochemical materials including nucleotides and lipids, supporting their rapid proliferation. As epigenetic dysregulation contributes to cancer development, it is plausible that epigenetic changes of energy metabolism genes trigger glycolytic bias during tumorigenesis. 47 Indeed, the mRNA expression of fructose-1,6-bisphosphatase, an inhibitor of glycolysis, is downregulated by promoter hypermethylation in hepatic and colon cancers. 48 Although the epigenomic landscape of metabolic gene regulation in cancer has not been fully characterized, some studies provide mechanistic insights into how metabolism and epigenetic factors interact to co-ordinate the Warburg effect.
A recent study identified SIRT6, a sirtuin family HDAC, as a tumor suppressor that regulates aerobic glycolysis. 49 Sirt6-KO mouse embryonic fibroblasts showed glycolysis-biased metabolism in vitro, and were highly tumorigenic compared with wild-type cells. SIRT6 repressed glycolytic and ribosomal protein genes by reducing H3K56 acetylation levels in tumor cells. Importantly, the expression of SIRT6 was downregulated in pancreatic cancer and colon adenocarcinoma, indicating that SIRT6 loss drives cancer-type energy metabolism in human cancers.
Colonocytes utilize butyrate, a short-chain fatty acid produced in the colon from dietary fiber through bacterial fermentation, as an energy source, as they can metabolize it in the mitochondria, producing acetyl-CoA that enters the tricarboxylic acid cycle. 50 In addition, butyrate is well known as an HDAC inhibitor, 51 suggesting that the function of butyrate might represent another example of nutrient-epigenome communications. In terms of colon cancer, although butyrate inhibits cell growth and induces apoptosis of cancerous colonocytes in vitro, 52 controversial results have been presented on whether diet-derived butyrate could be cancer preventive in vivo. 53 Metabolic epigenetics S Hino et al acetyl group donor, both of which may promote global histone acetylation. Indeed, the epigenetic impact of butyrate was selectively exerted against the genes involved in cell cycle regulation, which showed increased expression and promoter histone acetylation in a butyrate-dependent manner. These findings are particularly important because they raise the possibility that the Warburg effect might be a cause, rather than a consequence, of aberrant gene expression in cancer cells.
A series of studies on isocitrate dehydrogenase (IDH) 1 and 2 genemutated cancers illustrates how misdirected metabolic flow influences the global epigenome in cancer. Amino acid substitutions of IDH1 and 2 are frequently found in cancers, especially in the glioma and acute myeloid leukemia. 55, 56 Although wild-type IDH produces a-KG from isocitrate as a tricarboxylic acid cycle component, cancer-associated mutants further metabolize a-KG into the (R)-enantiomer of 2-hydroxyglutarate ((R)-2-HG), which normally exists at very low concentrations in cells. 57 As a-KG is an essential coenzyme for jumonji-histone demethylases and the TET family of DNA hydroxylases and as (R)-2-HG has been shown to inhibit these enzymes, 58, 59 recent studies have focused on the ability of IDH mutants to drive epigenetic aberrations. Acute myeloid leukemia with IDH1/2 mutations show DNA methylation profiles resembling those of TET2 mutants. 60 The contribution of IDH-dependent metabolism to TET2 function was also identified in melanoma cells, in which both IDH2 and TET2 genes were downregulated with a reduced global hydroxylation of methylated cytosines. 61 Overexpression of these genes suppressed tumor growth, indicating their roles as tumor suppressors. Recently, (R)-2-HG was verified as an oncometabolite that drives leukemogenesis. 62 Again, TET2 was identified as a key effector, as the knockdown of TET2 abolished the oncogenic effect of (R)-2-HG. Although these findings delineate the disruption of the DNA methylation pattern through the (R)-2-HG/TET-mediated pathway in IDH-mutant cancer, it is likely that jumonji demethylases are also involved, as histone methylation changes are observed in these cancers. 9 
CONCLUSION
As described above, recent progress in epigenetics research has identified how metabolites affect the function of epigenetic factors to regulate gene expression. The next challenge in the field is to understand how individual metabolite-epigenetic factor communication co-ordinates to form a particular epigenotype that leads to a biological outcome. A reasonable approach towards this end may be to investigate why selective sets of genes are affected by metabolites, when the whole genome should potentially be susceptible to epigenetic changes. 23, 46 Testing the possible involvement of nutrientand/or hormone-driven signaling pathways and transcription factors may help to elucidate this point. In terms of metabolic diseases, we lack the knowledge on whether the diet affects the availability of the nutrient-derived epigenetic cofactors (for example, methionine, riboflavin and so on) in the cells to drive aberrant epigenetic regulation. The investigation on this point would provide mechanistic insights into how specific epigenetic factors might influence the pathogenesis of metabolic diseases.
The long-term effects of metabolic epigenome formation should also be characterized to understand how dietary habits affect the risks of lifestyle-associated diseases, including metabolic syndrome and cancer. The first approach for this may be to identify the fraction of cells that harbor epigenetic alterations in response to dietary composition in vivo, as such cells must somehow maintain the acquired epigenotype to support the long-term environmental effect.
In conclusion, research into metabolism-epigenome crosstalk would focus on the general area of how the environment influences health and disease.
